Abstract The action potential model presented in our accompanying article in this journal is used to investigate phenomena that involve dynamic changes of [Ca2"]j, as described below. Delayed afterdepolarizations (DADs) are induced by spontaneous Ca'+ release from the sarcoplasmic reticulum (SR), which, in turn, activates both the Na+-Ca'+ exchanger (INaCa) and a nonspecific Ca'+-activated current (Ins(Ca) by an excitation-contraction coupling model.34 However, the underlying mechanism of this phenomenon was not elucidated clearly, and the dynamic processes that control this behavior were not characterized in a quantitative way. In the present article, we use the L-R model to simulate this behavior to explain the underlying mechanism in terms of dynamic processes such as Ca'+ release and uptake by the sarcoplasmic reticulum (SR), translocation of Ca2' between compartments in the SR, and buffering processes in the SR and the myoplasm.
T he model of the mammalian ventricular action potential that was introduced in our accompanying article in this journal (the L-R model)' provides an accurate description of dynamic changes in ionic concentrations and ionic fluxes. In particular, processes that regulate the dynamics of intracellular Ca2`transients during the action potential are simulated correctly by the model. In addition, the model accounts for the effects of intracellular Ca`+ changes on ionic currents (eg, Ca`+-dependent inactivation of Ca`+ current through the sarcolemma, Na+-Ca`+ exchange current [INaCa] , and nonspecific Ca`+-activated current [Ins(Ca) ]). These properties of the model make it possible to study, using simulations, physiological phenomena that are related to the excitation-contraction coupling process in cardiac myocytes. It is also possible to simulate the behavior of the cell under conditions of Ca2+ overload and to suggest mechanisms of related arrhythmogenic activity of the single cell (eg, early afterdepolarizations [EADs] , delayed afterdepolarizations [DADs] , and triggered activity).
The effects of the stimulation pattern on the contractile strength of extrasystoles and postextrasystoles were studied in tissue preparations since the 1960s.2 As the extrasystole becomes more premature, the strength of muscle contraction at the postextrasystole is increased if the interval between the extrasystole and the postextrasystole is fixed. This phenomenon, known as postextrasystolic potentiation, was demonstrated recently in tissue preparations3 and in single cells4 and was explained by an excitation-contraction coupling model.34 However, the underlying mechanism of this phenomenon was not elucidated clearly, and the dynamic processes that control this behavior were not characterized in a quantitative way. In the present article, we use the L-R model to simulate this behavior to explain the underlying mechanism in terms of dynamic processes such as Ca'+ release and uptake by the sarcoplasmic reticulum (SR), translocation of Ca2' between compartments in the SR, and buffering processes in the SR and the myoplasm.
DADs and EADs are single-cell phenomena that can induce abnormal rhythmic activity and cardiac arrhythmias.5-7 An afterdepolarization is defined as a depolarizing afterpotential that occurs before (early) or after (delayed) the completion of action potential repolarization. Also, rhythmic activity, known as triggered activity, can be induced by pacing a quiescent cell for a certain time period. All of these arrhythmogenic phenomena involve dynamic changes in intracellular Ca'4, such as spontaneous Ca'4 release from the SR and activation of membrane currents through a Ca'4-activated process.
These processes are incorporated in our model, and their complex effects (these processes interact and influence each other, in addition to their direct effect on the cell membrane) on the action potential can be simulated. In the present article, we use the L-R model to characterize and investigate the mechanisms underlying arrhythmogenic behavior of the single myocyte under a variety of conditions and different degrees of Ca'4 overload.
Materials and Methods
Methods for computing the action potential and the formulation of underlying processes were described in detail in our accompanying article.' However, properties and formulation of processes that play an important role in the phenomena studied in the present article are described briefly below.
The model consists of ionic currents through the sarcolemma and of Ca2' fluxes inside the cell. Sarcolemmal currents of importance to phenomena simulated here are 'Ca, INaCa, and Ins(Ca) (explained more fully below). Intracellular fluxes of Ca2+ ions are the basis for many of the phenomena investigated in the present article and, through interactions with the sarcolemmal currents, affect the action potential. Equations formulating the most relevant currents and Ca2+ fluxes in the cell are listed in Appendix 1. Symbols used in the equations and throughout this article are defined in Appendix 2. 1Cap Ca2' Current Through the L-type Channel Based on recent experimental data,8 activation of lCa in our model is very fast. It can be activated in 2 milliseconds, an order of magnitude faster than in the Beeler and Reuter9 action potential model. Inactivation is formulated to be dependent on the membrane potential through a voltage-dependent gate (f-gate) and on [Ca2+] [Ca2+] i is set at 0.4 ,umol/L in the model), we observe spontaneous rhythmic activity resulting from spontaneous Ca2+ release from the JSR (Fig 9) . Except for the first action potential that is elicited from the resting state, all other action potentials display a very short duration (short APD), and the BCL of the rhythmic activity increases monotonically until failure occurs and a DAD is observed. The short duration of these action potentials is caused by the high value of the activation X-gate of the time-dependent K+ current, IK, at the time of their onset (Fig 9D) (Fig 10) . In Fig  1OA, To evaluate the importance of Ins(Ca) in generating triggered activity under maintained overload conditions, we set Lns(Ca)=O at the time when the first spontaneous Ca2' release from the overloaded JSR occurs.
The protocol and all other conditions are the same as in Fig 11. In Fig 13, sponse to shortening of the interval preceding the extrasystole (Tesi) are well duplicated by the model (see Fig 3) . The upward shift of the restitution curve (postextrasystolic potentiation3) is caused by the time delay associated with the translocation of Ca'+ from the NSR to the JSR. As shown in Fig 2C, By setting the translocation time constant at 180 milliseconds, the time constant of the simulated restitution curves (Fig 3) is 253+± 18 milliseconds, which differs from the 182+±44 milliseconds measured by Yue et al.3 This could be due to additional delays that are introduced by other processes such as Ca'+ uptake and Ca2+ release. During the excitation-contraction coupling cycle, the fluctuations of [Ca2+]NSR are very small (=0.2 mmol/L, see Fig 2B) . Therefore, the time course of return of released Ca'+ ions to the JSR is dominated by the time delay between NSR and JSR, although small delays are introduced by the release and uptake processes. Also, the time course of Ca'+ transfer between NSR and JSR is very different in different species. In ferret ventricular myocardium, Wier and Yue4 obtained a time constant >750 milliseconds for the restitution curves at 30°C, which differs greatly from the 182±44 milliseconds measured by Yue et a13 in canine left ventricles at 36±+1°C.
DADs and Rhythmic Activity
A DAD is defined as a depolarizing afterpotential that begins after normal repolarization is complete.5 We use the term "rhythmic activity" to describe repetitive activity that could be triggered or spontaneous.
In mammalian ventricular cells, at the postrepolarization phase of an action potential, ICa is inactivated at a membrane potential of < -35 mV (Fig 4 in our accompanying article1) , and INaCa is monotonically decreasing in response to the monotonic decrease of [Ca"]. At the same phase, the membrane is held at the resting potential by the high conductance of Iv (see Fig 17) . Therefore, without the involvement of an intracellular event, the ventricular cell remains quiescent under normal or Ca2`-overload conditions, unless an external stimulus is applied. However, the phenomenon of spontaneous muscle contraction has been observed universally in mammalian myocardium, including atria, Purkinje fibers, and ventricles," and also in skinned cardiac cell preparations.12 By monitoring the cell length to measure muscle contraction simultaneously with indo 1 measurements of intracellular Ca21 transients, spontaneous muscle contraction was found to be associated with spontaneous Ca`+ release from the SR."1'3'14 Also, by rapid addition of caffeine to the bathing milieu of rat ventricular cells, Capogrossi et al13 observed a train of repetitive spontaneous action potentials without the involvement of slow phase-4 depolarization that is indicative of pacemaker cells. In the experiments, this rhythmic activity lasts for 10 beats and is followed by DADs. This behavior is duplicated accurately by the simulations of Fig 9 under the condition of high-level Ca2+ overload. In the simulations, rhythmic activity lasts for 11 beats and is also followed by DADs. The simulations support the hypothesis that the underlying mechanism of DADs and of spontaneous rhythmic activity in mammalian ventricular cells is spontaneous Ca2+ release from the overloaded JSR, which is triggered from "inside" the JSR membrane." When spontaneous Ca2+ release occurs, the intracellular Ca2+ transient reaches its peak value quickly and activates a transient inward current, ITI. [20] [21] [22] [23] [24] [25] This, in turn, generates a DAD or an action potential that induces muscle contraction. Two different Ca2+-activated membrane processes can potentially contribute to ITI. These are INaCa (the Na+-Ca2+ exchanger) and Ins(Ca) (a nonspecific Ca2+-activated channel). The relative contribution of these processes to IT, (and therefore their relative importance to arrhythmogenesis) is still a matter of controversy.20-25 Although it is experimentally difficult to separate these two components and study their individual contributions, this was achieved by the model simulations (see "Results"). An 
